We present systematic ab-initio calculations for nonmagnetic (NM), ferromagnetic (FM), and antiferromagnetic (AFM) states of fullHeusler alloys (X 2 YZ) such as Co 2 MnSi (X = Co, Y = Mn, Z = Si), Ni 2 MnAl (X = Ni, Y = Mn, Z = Al), and Ru 2 MnSi (X = Ru, Y = Mn, Z = Si). The calculations are based on the all-electron full-potential (FP) screened Korringa-Kohn-Rostoker (KKR) Green's-function method combined with the generalized-gradient approximation in the density-functional formalism. We show that the present calculations reproduce very well the experimental ground states of these alloys (FM of Co 2 MnSi and Ni 2 MnAl, AFM of Ru 2 MnSi) and the available measured values for lattice parameters and magnetic moments. It is also shown that the fundamental features of the magnetism of Co 2 MnSi (strong FM) and Ni 2 MnAl (weak FM) are understood by using the Mn spin-flip energies and the Mn-Mn exchange interaction energies in X (= Co, Ni), both of which are obtained by the present FP-KKR calculations for the impurity systems. We can show that the magnetism of Ni 2 MnAl may be changed from FM to AFM by atomic disorder (B2-structure) occurring at elevated temperatures.
Introduction
Intermetallic full-Heusler alloys of L2 1 structure have attracted a great deal of interest during the last century because of high possibilities as materials of various high qualities. 1, 2) For examples, Co 2 MnSi is expected as half-metallic (100% spin polarization at the Fermi level) ferromagnetic (FM) alloys with high Curie temperatures. The bandstructure calculations without the spin-orbit interaction predicted 100% spin polarization for this material. 3, 4) Therefore the Co-based full-Heusler alloys such as Co 2 MnSi were considered as the ideal materials for spin electronics. However, the spin polarizations of only 50-60% were experimentally obtained for Co 2 MnSi. [5] [6] [7] The decrease may be attributed to defects in the materials, such as antisites and swaps. 8) On the other hand, Ni 2 MnAl is expected as FM shapememory alloys. 9, 10) However, it is also known experimentally that the magnetism of Ni 2 MnAl changes easily from the FM state to antiferromagnetic (AFM) state at elevated temperatures. 11, 12) This change of magnetism may be caused by the change of the atomic structure, from the L2 1 structure to the B2-disordererd structure, which occurs at elevated temperatures. 11, 12) The fabrication of Ni 2 MnAl at the L2 1 structure seems to be very difficult. The electronic structures and magnetism of these full-Heusler alloys may be unstable for the defects and the substitutional disordering. The stability of Ni 2 YAl (Y = V, Cr, Mn) were investigated experimentally and also by using the thermodynamic calculations on the basis of the Bragg-Williams-Gorsky approximation.
13) The magnetism of a new Heusler alloy Ru 2 MnSi was also investigated both experimentally [14] [15] [16] and theoretically.
17)
The experimental results showed that the ground state of Ru 2 MnSi is AFM and that the atomic structure is in partially disordered form (Ru-Si disorder).
Thus, the development of the electronic devices of high qualities needs the study of the magnetism of the full-Heusler alloys with and without defects. The simple band calculations such as the linear muffin-tin orbital method combined with the atomic sphere approximation (LMTO-ASA) have already been performed in order to study the host magnetism of many full-Heusler alloys. 4, 17) The calculations are based on the local spin density approximation (LSDA) in the density functional formalism (DFT) and the spherical potentials, and the ratios of Muffin-tin radii were determined empirically. Although these calculations are useful for the preliminary discussions, they sometimes fail to reproduce the experimental ground states.
18) It was recently discussed that the ab-initio calculations based on the full-potential (FP) and the generalized-gradient approximation (GGA) in the DFT are needed to reproduce correctly the experimental results for the ground states for the full-Heusler alloys together with the equilibrium lattice parameters, 18, 19) although the gap widths of the half-metallic alloys may be underestimated.
Developing the ab-initio calculations based on the FPKorringa-Kohn-Rostoker (KKR) Green's function method combined with the GGA, we have also shown that, for most of fcc and bcc metals (Li$Au), the GGA corrects very well the deficiencies of the LSDA, such as the underestimation of the equilibrium lattice parameters and the overestimation of the bulk moduli and monovacancy formation energies 20) and that the atomic structures of the ground states of 3sp-, 3d-, and 4d-elemental metals are reproduced very well by the FP screened (S) KKR calculations (FPSKKR) combined with the GGA. 21, 22) Thus, the GGA-FPKKR calculation methods, which can treat both the properties of bulk and defect systems in the same accuracy, may be most useful for the study of the magnetism of the full-Heusler alloys. Under these circumstances, using the GGA-FPKKR calculations, we planed to study the electronic structures and magnetism of the full-Heusler alloys with and without defects. 11, 12) and (presumably weak) AFM of Ru 2 MnSi. 16) We show: (1) the present calculations reproduce the experimental ground states of magnetism, the measured values for the lattice parameters and the available values for the MMs of these alloys, and elucidate the fundamental features of magnetism; (2) the change from the FM to the AFM state of Ni 2 MnAl at elevated temperatures, being known experimentally, is understood by the Mn spin-flip energies and the Mn-Mn exchange interaction energies in X (= Co, Ni), both of which are also calculated in the present work; (3) the Co 2 MnZ (Z = sp-element) at the L2 1 structure shows the half-metallicity if the valence-electron number of Z is between 3 and 5. The calculated results for the defect energies in these alloys, such as swap and antisite energies, will be published in the following paper. 24) 
Method of Calculations
The calculations for the total energies of full-Heusler alloys are based on the density functional formalism in the generalized gradient approximation (GGA) and the scalarrelativistic approximation. 20, 25) In order to solve the KohnSham equations we use a multiple scattering theory in the form of the KKR Green's function method for full potentials (FP). We use the screened version of KKR calculations (SKKR) for ordered alloys, which simplifies very much the numerical calculations by introducing the short-range structural Green's functions. 26) The accuracy of FPSKKR calculations are discussed in Ref. 27 ).
In order to calculate the total energies in the GGA formalism, we use the electronic densities obtained selfconsistently by the LSDA calculations for simplicity. The accuracy of the present GGA calculations is discussed in Refs. 20) and 25) .
It is also noted that an imaginary part of the small energy (0.001 Ry) was added to the energy when calculating the density of states (DOS) by means of the Green function. As a result, the very small, non-vanishing density emerges in the half-metallic gap of minority states at the Fermi level. However, we must remember that the complete half-metallic gap is impossible because a coupling between majority (up) and minority (down) spin states is always expected in the full relativistic calculations.
3) It is also noted that the temperature effect above 0 K may destroy the half-metallic gap, due to the smearing of the DOS around the Fermi level. Therefore, the small error due to the present treatment for calculating the DOS may be neglected for the discussions of the possibility of half-metallicity of the realistic alloys, as discussed in Appendix. and AFM-II for Ru 2 MnSi. 16, 17) It is also obvious that the GGA calculations correct the deficiencies of the LSDA (the underestimation of lattice parameters): the errors for the lattice parameters in the GGA calculations are within 1%, as have been shown for most of elemental fcc and bcc metals (Li-Au). Fig. 3(c) ) only the MMs of one kind of molecular unit (Ru 2 MnSi) are shown. Since the MMs for another kind of molecular unit in the AFM-II unit cell are opposite sign, the total MM is zero. As seen in Fig. 3(a) , the calculated results for total MMs per unit cell of Co 2 MnSi do not depend on the lattice parameter and are kept to be 4.95 B (almost an integer as a character of half-metallicity), corresponding to the measured value 5:10 AE 0:04 B .
Calculated Results for Co

5)
It is also noted that the calculated value (or the measured value) is predicted very well by the Slater-Pauling rule. 1, 23) Although the local Mn MM increases with the lattice parameters, its increase is cancelled out by the decreases of Co and Si moments. For Ni 2 MnAl (FM, Fig. 3(b) ), the total and local Mn MM increase very much with the lattice parameter. It may be a signal that Ni 2 MnAl is not an alloy of half-metallicity, as discussed in 3.3 and shown in Fig. 7(b) . For Ru 2 MnSi (AFM-II, Fig. 3(c) ), the total and local Mn (Fig. 3(d) ) do not depend on the lattice parameter. We will show in 3.3 that the Ru 2 MnSi in the FM state is an alloy of half-metallicity. Now we examine the fundamental features of magnetism of these alloys, using the calculated results. First we summarize the calculated results for the characteristic features of magnetism.
( 28) The difference between the FM and AFM states of 3d-tranistion-metals is fundamentally understood by the 3d-electron numbers. The stable magnetism becomes AFM around the half-filled 3d bands because the energy gain due to the band shift overcomes the energy gain due to the band broadening.
29) The strong FM state of Co 2 MnSi is mainly due to the strong FM of Co. The weak FM state of Ni 2 MnAl is due to the weak FM of Ni, which is further weakened by the AFM of Mn. The difference on the stability of FM between Co 2 MnSi and Ni 2 MnAl is understood by using the Mn spin-filp energies and the Mn-Mn exchange interaction energies in X (= Co, Ni), as discussed in 3.2. The stability of AFM-II of Ru 2 MnSi may be due to the AFM of Mn. The difference on AFM-I and AFM-II may be due to the numbers of AFM-coupling and FM-coupling Mn-Mn pairs: the pair numbers of AFMcoupling and FM-coupling are (6, 6) for AFM-II configuration, while (8, 4) for AFM-I configuration. The AFM state of Mn in Ru 2 MnSi may be the strongest in the magnetic configuration of Mn in the AFM-II state, because the Mn MM is the largest in the AFM-II state, as shown in Fig. 4(c) .
Spin-flip energies of Mn and distance-dependence
of Mn-Mn exchange interaction energies in X (= Co, Ni) We try to understand qualitatively the difference on the FM between Co 2 MnSi and Ni 2 MnAl by using the calculated results for the Mn spin-flip energies and the Mn-Mn exchange interaction energies in X (= Co, Ni). They are the 1st-and 2nd-lowest order (one-body and two-body of Mn impurities) terms in the cluster expansion (from a dilute limit) of the internal energies of alloys 30) and may be important to study the characteristic features of magnetism of alloys. The definition and accuracy of the cluster expansion from a dilute limit are discussed in Ref. 30) . By using these impurity interaction energies, we have already succeeded in understanding the physical mechanism of the NMR experimental results of Mn impurities in NiMn and NiFe alloys. 31, 32) 
Spin-flip energy (one-body interaction of Mn)
First we show the calculated results for the spin-flip energies of 3d impurities in X (= Co, Ni). There exist three magnetic solutions for 3d impurities in Co and Ni, as shown in Figs. 5(a) and 5(b). The calculations were performed for 3d impurities of non-integer nuclear charge. For 3d impurities in a NM host such as Cu, it is well known that there are three solutions; one is NM (unstable) and two are doubly degenerated magnetic (MMs of equal magnitude in the opposite direction). On the other hand, for 3d impurities in FM metals such as Co and Ni, a NM solution shifts to a solution of a very small (S)-MMs and the degeneracy of the magnetic solutions is lifted, as seen in Figs. 5(a) and 5(b), resulting in two solutions of parallel (P, corresponding to the FM) and anti-parallel (AP, corresponding to the AFM) MMs to the bulk magnetization. The three solutions exist around Z ¼ 23:9{27:2 (Z is a nuclear charge of X) for Ni-host, 31) while around Z ¼ 24:3{26:1 for Co-host.
The change of the MMs of Co and Ni atoms at nearestneighboring sites of 3d impurities is shown in Figs. 5(c) and  5(d) . The change depends strongly on the magnetic states Full-Potential Screened KKR Calculations for Magnetism of Co 2 MnSi, Ni 2 MnAl and Ru 2 MnSiof 3d impurities. It is noted that for the solutions of AP and S states of 3d impurities the decrease of MM's of nearestneighboring Co and Ni becomes very large and leads to the large magnetic energy loss. The total-energy differences between the P and AP states, and those between the P and S states are shown in Figs. 5(e) and 5(f). The total-energy change is very large for 3d impurities in Co. For example, it costs 0.729 eV to excite one Mn-MM from P to AP. This spin-flip energy, being defined by the different sign of the total energy difference between the P and AP states, may be an important part of the energy difference (0.453 eV, see Fig. 3(a) ) between the AFM and FM states of Co 2 MnSi. The difference (0.266 eV) between two values (0.729 and 0.453 eV) should be understood by the pair (Mn-Mn) and many-body (of Mn and Si) interaction energies which are the higher-order terms in the cluster expansion of the total energy difference obtained by the (AFM-I, FM) band calculations of Co 2 MnSi, as discussed in the following paragraphs. However, it may be obvious that the large value of the spin-flip energy corresponds to the strong stability of the P state of 3d impurities in Co.
On the other hand, for 3d impurities in Ni the spin-flip energy is small. For example, the spin-flip energy of Mn impurity in Ni is 0.220 eV. This energy may be an important part of the energy difference (0.070 eV) between the AFM and FM states of Ni 2 MnAl. The difference between two values (0.220, 0.070 eV) is not small and may be understood by the Mn-Mn exchange interaction energies (two-body of Mn) and many-body interaction energies of Mn and Al. However, by comparing the Mn spin-flip (one-body) energies in Ni and Co, we can at least qualitatively understand that the FM of Ni 2 MnAl is very weak compared with that of Co 2 MnSi.
Mn-Mn exchange interaction energy (two body
interaction of Mn) Now we discuss the Mn-Mn exchange interaction energies E exc (Mn-Mn), which may be the next important term in the cluster expansion of the total energy differences obtained by the band calculations. By considering the distance dependence of E exc (Mn-Mn), we can show that the FM state of Ni 2 MnAl may be easily changed to the AFM state by the atomic disorder (of Mn and Al) occurring at elevated temperatures.
First we give the definition of E exc (Mn-Mn). It is written as follows,
where E up-down (E up-up ) represents the total energy of the impurity system with the Mn pair of up-down(up-up) configurations. The spin-flip energy is substracted in the eq. (1). Thus, E exc (Mn-Mn) becomes zero at the infinite interatomic distance of a Mn-Mn pair. Figures 6 show the distance dependence of the E exc (Mn-Mn) in X (= Co, Ni). It is noted that the distance dependences of E exc (Mn-Mn) in Co and Ni are very similar to each other. The important feature of E exc (Mn-Mn) is that the AFMcoupling of Mn-Mn is stable up to the 4th neighbor and very strong at the 1st and 2nd-neighbors. If one Mn atom at the L2 1 structure is spin-flipped, the twelve Mn-Mn AFMcoupling pairs at the 3rd neighbor are created (see Fig. 1(b) ). Thus, the energy gain of E exc (Mn-Mn) due to this spin-flip is Now we can show how the AFM of Ni 2 MnAl becomes stable at elevated temperatures. According to the experiment, the L2 1 structure of Ni 2 MnAl is changed to the B2 (the disordering of Mn and Al). It is important that the 2nd-neighboring Mn-Mn pairs are created at the B2 structure. The AFM-coupling at the 2nd-neighbor is stable by À0:05 eV, compared with the FM-coupling. Thus, the energy change due to the atomic rearrangement of one Mn with one Al and the spin-flip of one Mn atom is À0:3 ð¼ À0:05 Â 6Þ þ 0:22 ¼ À0:08 eV. The negative value means that the AFM state is more stable than the FM state. Thus, the magnetism of Ni 2 MnAl may change from FM to AFM at elevated temperatures because the AFM is stable at the B2 structure (the disordering of Mn and Al) which occurs at elevated temperatures. On the other hand, for Co 2 MnSi, the total energy change, due to the disordering of Mn and Si and the spin-flip of Mn, is À0:3 þ 0:729 ¼ 0:429 eV. This large positive value means that the FM state is still stable for the B2 structure of Co 2 MnSi.
We may conclude that the fundamental features of the magnetism, such as the strong FM of Co 2 MnSi compared with the FM of Ni 2 MnSi, and the change from FM to AFM of Ni 2 MnAl at elevated temperatures are understood by considering the Mn spin-flip energies (one-body of Mn) and the Mn-Mn exchange interaction energies (two-body of Mn) in X (= Co, Ni), which are the 1st-and 2nd-lowest order terms in the cluster expansion (from a dilute limit) for the total energy differences between the FM and AFM-I states of Co 2 MnSi and Ni 2 MnAl.
Half-metallicity
Figures 7 show the DOSs of the FM states of (a) Co 2 MnSi, (b) Ni 2 MnAl, and (c) Ru 2 MnSi. The FM is the ground state of Co 2 MnSi and Ni 2 MnAl, but the excited state for Ru 2 MnSi. It is obvious that Co 2 MnSi shows half-metallicity ( Fig. 7(a) ), while Ni 2 MnAl does not ( Fig. 7(b) ). These results were successfully understood by analyzing the partial DOSs obtained by the LSDA-FPSKKR calculation results.
23) The gap in the down-spin (minority-spin) band of Co 2 MnSi is located at the middle of the antibonding states between CoCo d-orbitals, and the electrons are occupied up to the states just below the gap, the energy of which corresponds to the Fermi level. For the Ni 2 MnAl, the states above the gap are also occupied by electrons. As a result, the Ni 2 MnAl alloy does not show the half-metallicity. The DOS of Ru 2 MnSi (FM) shows half-metallicity (Fig. 7(c) ). This result may be easily understood because Ru is almost isoelectronic to Co. It is obvious that the DOS of the Ru 2 MnSi (AFM) does not show the half-metallicity because the DOSs of up and down spin states per unit cell of the AFM are the same to each other and may be approximated by the superposition of DOSs of up and down spin states of the FM of Ru 2 MnSi (Fig. 7(c) ).
Half-Metallicity and Slater-Pauling Behavior in
Co 2 MnZ (Z = NaP)
The Co 2 MnZ (Z = sp-element) alloys are expected as the ideal materials for spin electronics. Thus, we study the halfmetallicity of Co 2 MnZ (Z = Na$S). We also examine the Slater-Pauling rule for these alloys. 1, 23) We determined the lattice parameters by the present GGA-FPSKKR calculations. The calculated results and the available experimental values are listed in Table 2 . The calculated DOSs are shown in Figs. 8. We can expect the half-metallicity for Co 2 MnZ (Z = Al, Si, P). It is noted that the valence-electron numbers are 3, 4 and 5 for Al, Si and P. Thus, the MMs increase from 4 to 6 for Z = Al, Si and P. The relations of MMs with valence-electron number per unit cell are shown in Fig. 9 . We can see very well the Slater-Pauling behavior (the linear relation of MMs with valence-electron numbers per unit cell) around Al, Si, P: from Z = Al to Z = P, the added electrons are occupied by the up-spin (majority) band, because there is a gap in the down-spin (minority) band. It is noted that the calculated results for Z of non-integer nuclear charge are also shown in Fig. 9 . For Z = Na, Mg, S, we can not expect the Slater-Pauling behavior because the Fermi level is located outside of the gap, as shown in Figs. 8(a), (b) and (f) . As a result, the Co 2 MnZ (Z = Al, Si, P) alloys without defects may be expected as the materials of the spintronics. It is also expected that the quaternary alloys of Co 2 Mn (Z1 1Àx Z2 x ) show the half-metallicity if the valence-electron numbers of (Z1 1Àx Z2 x ) are between 3 and 5, corresponding to the valence electron numbers of Al and P. However, for Co 2 MnSi, being most expected as the half-metallic alloy, 4) only the 50-60% of spin-polarization was obtained experimentally. This decrease may be due to the defects such as antisites and swaps. The study of the defect effect to the bulk properties of these alloys is strongly requested.
Conclusions
We have shown that the present GGA-FPSKKR calculations reproduce the experimental ground states of Co 2 MnSi, Ni 2 MnAl, Ru 2 MnSi and the equilibrium lattice parameters within the error of 1% of the experimental values. The fundamental features of Co 2 MnSi (strong FM) and Ni 2 MnAl (weak FM) may be understood by the Mn spin-flip and the Mn-Mn exchange interaction energies in X (= Co, Ni). We have also shown that for Ni 2 MnAl, the magnetism changes from FM to AFM at elevated temperatures because the energy gain due to the 2nd neighboring Mn-Mn exchange interaction, which is induced by the atomic disordering of Mn and Al (B2-structure) at elevated temperatures, overcomes the energy loss due to the spin-flip energy of Mn impurity in Ni. This result explains the experimental results 11, 12) very well. The possibility of half-metallicity of Co 2 MnZ (Z = Na$S) was examined qualitatively. The Co 2 MnZ (Z = Al, Si, P) without defects show the halfmetallicity. The quaternary alloys Co 2 Mn (Z1 1Àx Z2 x ) may also show the half-metallicity if the number of valence electrons of sp-elements (Z1 1Àx Z2 x ) is between 3 and 5. However, the decrease of the spin-polarization at the Fermi level may occur by the existence of the defects. We are now calculating the defect energies of Co 2 MnZ (Z = Na$S), such as antisites and swaps, by using the impurity GGA-FPKKR calculations. The results will be published in the following paper. 
